The Eph family tyrosine kinase receptors and their ligands, the ephrins, have been shown to play critical roles in cell migration, tissue morphogenesis, and axonal guidance in many different systems. However, their function in the spinal cord has not been examined carefully. We showed in this study that several Eph receptors, including EphA3, Eph A4, and Eph A5, are expressed in the ventral spinal cord in partially overlapping patterns, with EphA5 exhibiting the most widespread transcription in the entire ventral spinal cord during early development. Complementary to the receptor expression, a ligand of these receptors, ephrin-A5, is transcribed in the dorsal half of the spinal cord.
The Eph family tyrosine kinase receptors and their ligands, the ephrins, have been shown to play critical roles in cell migration, tissue morphogenesis, and axonal guidance in many different systems. However, their function in the spinal cord has not been examined carefully. We showed in this study that several Eph receptors, including EphA3, Eph A4, and Eph A5, are expressed in the ventral spinal cord in partially overlapping patterns, with EphA5 exhibiting the most widespread transcription in the entire ventral spinal cord during early development. Complementary to the receptor expression, a ligand of these receptors, ephrin-A5, is transcribed in the dorsal half of the spinal cord.
Consistent with the spatial location of receptor expression, the ligand selectively inhibits neurite outgrowth and induces cell death of the ventral, but not the dorsal, spinal cord neurons. These observations suggest that interactions between the Eph family receptors and ligands exerts negative influences on ventral spinal cord neurons and thus may play important roles in regulating morphogenesis and axon guidance in the spinal cord.
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The Eph family receptor tyrosine kinases and their ligands, the ephrins, have been shown recently to play critical roles in the development of axonal connections (for review, see Harris and Holt, 1995; Tessier-Lavigne, 1995; Friedman and O'Leary, 1996; Drescher, 1997; Orioli and K lein, 1997; Flanagan and Vanderhaeghen, 1998; Z hou, 1998) . It has been proposed that ephrins guide axons by repulsion via the interaction with their receptors. Recent evidence also indicates that they may cause degeneration of axons and neurons (Gao et al., 1999; Yue et al., 1999) . The Eph family consists of at least 14 receptors and eight ligands (Zhou, 1998) . All of the ligands are membrane-bound and can be divided into two subclasses according to the mechanism of membrane association. The ephrin-A subclass ligands are attached to the cell membrane by glycosyl phosphatidylinositol tail, whereas the ephrin-B ligands are anchored by transmembrane domains (Zhou, 1998) . Accordingly, the receptors also can be divided into EphA and EphB subclasses, interacting respectively with the ephrin-A and B subgroup ligands.
Recent studies suggest that the Eph family also may play key roles in development of the spinal cord, because several members are expressed in this tissue during development (K ilpatrick et al., 1996; Ohta et al., 1996; Z hang et al., 1997) . To define f urther the roles of Eph family molecules in the developing spinal cord, we investigated the expression of six of the eight known Eph-A subgroup receptors (EphA3-A8) and all five known ephrin-A subgroup ligands (ephrin-A1-A5). We further examined the biological effects of the Eph ligands on spinal cord neurons in vitro. We report here that the Eph receptors (EphA3, A4, A5) and one of their ligands, ephrin-A5, are expressed in mutually exclusive patterns in the spinal cord, with the receptors in the ventral and the ligand in the dorsal regions, respectively. In addition, using in vitro culture assays, we show that ephrin-A5 inhibits neurite outgrowth of the receptor-positive ventral spinal cord neurons. We also observed that ephrin-A5 induced apoptosis of the ventral spinal neurons in vitro. These observations indicate that the interactions between ephrin-A5 and EphA receptors may contribute to spinal cord morphogenesis or circuitry formation by selectively regulating neurite outgrowth and cell survival of the ventral horn neurons.
MATERIALS AND METHODS
Animals and preparation of tissue sections for in situ hybridization. CD-1 mouse embryos (Charles River Laboratories, Wilmington, M A) of different gestation days (E11-E18) were used in in situ hybridization experiments. The day of vaginal plug occurrence was defined as embryonic day 1 (E1). At least three animals were investigated for each experimental group. Whole embryos were dissected under carbon dioxide anesthesia and frozen on dry ice powder. Coronal and sagittal sections of 16 m thickness were cut with a cryostat at Ϫ23°C and mounted on slides coated with 2% triethoxy-3-aminopropyl saline (Sigma, St. L ouis, MO). Then the slides were stored at Ϫ80°C before use.
In situ hybridization. mRNA expression was examined by either [ 35 S]-labeled in vitro-transcribed riboprobes or end-labeled oligonucleotide probes as described (Z hang et al., 1996) . EphA3 mRNA was detected with an oligonucleotide probe of 51 base pairs (bp) containing the 3Ј mouse EphA3 coding region (5Ј-TCC AGG AC T TTA CAC TGG AAC  TGG ACC ATT C TT AGA TTG TGT TTC TAG AGC -3Ј) . This region has no significant homology to other Eph family receptors. EphA4 mRNA was detected with a riboprobe made from a 285 bp mouse cDNA fragment derived from the 5Ј coding region cloned in pBluescript SK Ϫ plasmid. Antisense riboprobe was synthesized with T7 RNA polymerase for hybridization, and sense control probe was generated with SP6 RNA polymerase.
EphA5 mRNA was detected with a riboprobe of 373 bp derived from the region of a mouse cDNA encompassing the transmembrane domain (nucleotides 1445-1818; Z hou et al., 1994) cloned in pGEM4 plasmid. Antisense riboprobe was synthesized with SP6 RNA polymerase for hybridization, and sense riboprobe was generated with T7 RNA polymerase as a control.
To examine the expression of the ligands, we performed in situ hybridization analyses with probes of all five ephrin-A ligands. Only ephrin-A5 showed strong expression in the dorsal spinal cord. Ephrin-A5 mRNA was detected with a riboprobe made from a 0.7 kb human ephrin-A5 cDNA containing the f ull coding region in pBluescript SK Ϫ . Human ephrin-A5 shares Ͼ90% sequence homology with mouse ephrin-A5 in the nucleotide level (Z hang et al., 1996) . It has been shown previously that this probe hybridizes specifically to mouse ephrin-A5 and does not cross-react with other ephrins (Z hang et al., 1996) . Antisense riboprobe was synthesized with T3 RNA polymerase and hydrolyzed in 0.2 M carbonate buffer at 60°C for hybridization, and sense riboprobe was synthesized with T7 RNA polymerase and treated the same as control.
EphA5-A P and ephrin-A5-A P staining. The ligand-affinity probe (EphA5-AP), was constructed previously for detecting ephrin-A ligands (Gao et al., 1996) . The construct was cotransfected into N IH 3T3 cells with aminoglycoside phosphotransferase gene, which confers G418 resistance. Then the transfected cells were selected with 400 g /ml G418 (Life Technologies, Gaithersburg, MD). Tissue culture media from positive clones of EphA5-AP were used as probes to detect ligand expression. The receptor-affinity probe ephrin-A2-AP was generously provided by John G. Flanagan (Harvard Medical School, Boston, M A), and the f usion protein was prepared by transient expression in C OS-7 cells. Staining of the cultured dorsal and ventral spinal cord neurons was done as described previously (Flanagan and Leder, 1990) .
Coculture assay. L umbar spinal cord neurons of E17 Sprague Dawley rat embryos (Charles River Laboratories) were dissected under microscope in PBS. Dissected tissues were dissociated with trituration to single-cell suspension and plated at a density of 5 ϫ 10 5 cells/ well in 12-well dishes previously seeded with a confluent monolayer of ephrin-A5-expressing or control N IH 3T3 cells transfected with the vector. Neurons were cocultured in DM EM supplemented with fetal bovine serum (10%), penicillin (50 g /ml), and streptomycin (50 g /ml). The cocultures were maintained for various periods of time and stained with a polyclonal anti-neuronal specific enolase (NSE) antibody (Polysciences, Warrington, PA) or a monoclonal anti-tau-1 antibody (Boehringer Mannheim, Indianapolis, I N). The number of neurons and the lengths of neurites were measured with a Z eiss Telaval 31 microscope.
Assay for purified ephrin-A5-Fc. To assay the effect of purified ephrin-A5-Fc, we treated 12-well tissue culture dishes according to a procedure by Ohta et al. (1997) with modification. Briefly, the wells first were coated with poly-D-lysine (100 g /ml) and laminin (20 g /ml) sequentially for 1 hr each in a C O 2 incubator and then air-dried at room temperature for 1 hr. Next the wells were coated with purified ephrin-A5-Fc (100 ng for each well) either alone or cross-linked with anti-human IgG (500 ng for each well). The cross-linking was done by mixing 100 ng of ephrin-A5-Fc with 500 ng of anti-human IgG in a total volume of 3 l; the mixture was incubated at 37°C for 60 min. Wells coated with anti-human IgG also were used as an additional control.
Dissected dorsal or ventral E17 rat lumbar spinal cord neurons were seeded in coated tissue culture wells (5 ϫ 10 5 neurons/ well) and cultured for 48 hr in serum-free medium containing 50% Ham's F12, 50% minimum essential medium (M EM), insulin (25 g /ml), transferrin (100 g /ml), D-glucose (0.6%), putrescine (60 M), progesterone (20 nM), L-glutamine (146 mg /ml), selenium (30 nM), penicillin (50 g /ml), and streptomycin (50 g /ml). The cultured neurons were stained with monoclonal anti-tau-1 antibody (Boehringer Mannheim).
Detection of apoptotic cells. E17 rat lumbar spinal cord neurons were cultured as described for 24 hr and fixed with 4% paraformaldehyde in PBS, pH 7.4, and then permeabilized with 0.1% Triton X-100/0.1% sodium citrate at 4°C for 2 min. Then 200 l of terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUN EL) reaction mixture was added to each well according to company specifications (Boehringer Mannheim) and was incubated for 60 min at 37°C. Positively stained apoptotic cells were examined by fluorescence microscope.
RESULTS

Region-specific expression of Eph receptors and ligands in the mouse spinal cord
To examine the roles of Eph family receptors and ligands in the development of the mouse spinal cord, we investigated the expression of six EphA subgroup receptors, EphA3-A8, and all five ephrin-A subgroup ligands, ephrin-A1-A5, at the critical time of mouse spinal cord development by using in situ hybridization. EphA1 and A2 expression was not examined because they have not been shown to be transcribed at significant levels in the nervous system (Zhou, 1998) . These studies showed that at least three EphA receptors, EphA3, A4 and A5, and one ligand, ephrin-A5, are expressed in the spinal cord. In the mouse embryos (E14 -E18), EphA3 and EphA4 were expressed specifically in the medial and lateral motor column neurons, respectively ( Fig.  1 A-C) . EphA5 was found in the entire ventral horn, which includes both interneurons and motor neurons (Fig. 1 D) . A survey of the ephrin-A ligands showed that one ligand, ephrin-A5, showed high levels of expression in the dorsal spinal cord at E14 (Fig. 1 E) . The remaining four ephrin-A ligands had no or only low levels of expression in the spinal cord (data not shown). No significant differences were observed along different levels of the spinal cord.
Dissection of dorsal and ventral spinal cord neurons
To elucidate the contributions of the Eph family guidance molecules in the development of the spinal cord, we assayed the effects of ephrin-A5 on neurite growth and survival of neurons from the dorsal or ventral E17 rat lumbar spinal cord (equivalent to E16 in mouse). Rat E17 spinal cord was used because active axon targeting and interneuron cell death occur at approximately this time. Because the dorsal horn cells express high levels of ephrin-A5 and the ventral horn cells transcribe high levels of Eph receptors (these patterns of expression were maintained in E16 and E18 mouse spinal cord), the precision of dissection was determined by examining the expression of the ligand and receptors in dissected neurons. Neurons from properly dissected dorsal preparations should express primarily ephrin-A5, whereas neurons from the ventral preparations should express mostly the Eph receptor proteins. The expression of the ligand was assayed with EphA5-AP fusion protein, which contains the ligand-binding domain of the receptor linked in frame with human alkaline phosphatase (Zhang et al., 1996) . EphA5-AP and similar constructs have been used widely to detect the expression of ephrin-A subclass ligands (Cheng et al., 1995; Gale et al., 1996; Flenniken et al., 1996; Zhang et al., 1996) . Similarly, the expression of the Eph receptors was assayed with ephrin-A2-AP fusion protein, which contains ephrin-A2 fused to human alkaline phosphatase (Cheng et al., 1995) . Because of the promiscuity of interaction between Eph receptors and ligands, ephrin-A2 binds to almost all EphA subclass receptors (Flanagan and Vanderhaeghan, 1998; Zhou, 1998) and should detect the expression of the three EphA receptors transcribed in the spinal cord.
Dissected dorsal and ventral lumbar rat spinal cord neurons were cultured in serum-free medium on poly-D-lysine/laminincoated 12-well dishes for 48 hr and then stained with EphA5-AP or ephrin-A5-AP fusion proteins (see Materials and Methods for details). These analyses revealed that 76% of the dissected dorsal neurons had EphA5-AP-staining and only 13% of these neurons showed ephrin-A2-AP binding. In contrast, ϳ81% of the dissected ventral neurons showed positive staining by ephrin-A2-AP, and only 17% of these cells had positive staining for EphA5-AP (Fig. 2) . These observations are consistent with the results from our in situ hybridization analysis that the dorsal neurons express ephrin-A5 and the ventral neurons transcribe Eph receptors, and indicate that our dissection is precise. Neurons from these dissections are mostly interneurons, because the motor neurons consist of only ϳ7% of the total neuron population.
Reduction of ventral spinal cord neurite length by ephrin-A5
To examine the effects of ephrin-A5 on spinal cord neurite outgrowth and survival, we cocultured dorsal or ventral spinal cord neurons with ephrin-A5-expressing cells or control cells transfected with the expression vector only. After 48 hr of culture the neurons were identified by immunocytochemical staining with anti-neuron-specific enolase (NSE) antibody (Polysciences). These coculture assays showed that, whereas the ephrin-A5-expressing cells had no significant effects on neurite outgrowth of the dorsal spinal cord neurons as compared with the control NIH 3T3 cells (Fig. 3A,B) , they greatly reduced the neurite length of the ventral spinal cord neurons (compare Figs. 3C,D, 4A ). Quantitative analyses revealed that the lengths of the ventral neurites cocultured with ephrin-A5-expressing cells were only ϳ40% of those cocultured with the control cells (Fig. 4 A) . To ascertain whether this negative effect is attributable specifically to the expression of ephrin-A5, we studied the effect of ephrin-A5-expressing cells in the presence of ephrin-A5-Fc and phosphatidylinositol phospholipase C (PI-PLC). Ephrin-A5-Fc has been shown to counteract the effect of membrane-bound ligands on axon guidance of retina ganglion neurons (Ciossek et al., 1998) , whereas PI-PLC treatment releases the glycosyl phosphatidylinositolanchored ligand from the cell membrane and thus inactivates the ligand (Cheng et al., 1995) . Ephrin-A5-Fc treatment increased the ventral neurite length cultured on ephrin-A5-expressing cells in a dose-dependent manner while having no effects on neurites cocultured with the control cells (see Figs. 3E,F, 4B) . A similar increase in neurite length was observed when PI-PLC was added in the coculture (Fig. 4C) .
Induction of ventral spinal cord cell death by ephrin-A5
In addition to a significant reduction in neurite length in the presence of ephrin-A5, the cell density of NSE-positive ventral spinal cord neurons cocultured with ephrin-A5-expressing cells is only ϳ58% of that cocultured with the control cells (Fig. 5) . In contrast, no significant difference was found between the number of surviving dorsal spinal cord neurons cocultured with ephrin-A5-expressing and control cells (Fig. 5) .
To examine whether the cell loss was attributable to the lack of cell adhesion, we compared neuron numbers on ephrin-A5-expressing and control cells at different culture times. If the ventral neurons fail to adhere to the ligand-expressing cells initially, we would expect a difference in neuron number soon after the establishment of the coculture. Contrary to this expectation, at 8 hr of coculture the numbers of neurons on ephrin-A5-expressing and control cells were indistinguishable (Fig. 5B) . However, cell loss in ventral spinal cord coculture with the ligandexpressing cells became obvious by 36 hr, whereas few losses were observed when these neurons were cocultured with control cells (Fig. 5B) . By the end of the 3 d culture period, ϳ87% of dorsal neurons and 62.5% of ventral neurons survived in NIH 3T3 control culture. In contrast, 75% of the dorsal and 25% of the ventral neurons survived in the presence of membrane-attached ephrin-A5 (Fig. 5B) , indicating that ephrin-A5 has only a minor effect on the dorsal neurons but significantly promoted cell loss of the ventral neurons. These results suggest that the cell loss is unlikely to be attributable to the lack of initial adhesion of ventral neurons to the ligand-expressing cells. Further, we analyzed the effect of the two reagents that interfere with ephrin function, PI-PLC and ephrin-A5-Fc. In the presence of both reagents the number of surviving ventral neurons increased in a dosedependent manner (Fig. 6) . Inhibition of the ephrin effect on cell survival by PI-PLC and soluble ephrin-A5-Fc indicates that the effect is specifically attributable to ephrin-A5 expressed on the cell surface.
Effects of cross-linked purified ephrin-A5-Fc
To exclude further the possibility that the negative effects of ephrin-A5-expressing cells on ventral spinal neurons was related to the presence of unknown factors secreted by the cell lines, we examined the effect of ephrin-A5 in a cell-free system. Artificially cross-linked purified ephrins have been shown to activate the tyrosine kinase activity of Eph family receptors (Davis et al., 1994; Stein et al., 1998) and to inhibit the neurite outgrowth of motor neurons . Purified ephrin-A5-Fc was tagged with human IgG-Fc region and could be cross-linked with anti-human IgG. Dorsal or ventral spinal cord neurons were cultured in tissue culture wells coated with the cross-linked ligand, anti-IgG alone, or un-cross-linked ligand alone. Neurons were cultured for 48 hr in serum-free medium and stained with an anti-tau-1 monoclonal antibody. Similar to those observed in the coculture assays, no significant differences were found in either neurite length or the number of tau-positive dorsal neurons between cultures in wells coated with cross-linked ligand and controls (Fig. 7A,B,E) . However, the neurite lengths of ventral neurons were much shorter in wells coated with cross-linked ligand than in wells coated with either IgG or uncross-linked ephrin-A5-Fc (Fig. 7C,D) . Furthermore, the cell density of taupositive ventral neurons cultured on cross-linked ligand was significantly less (56%) than that on either the uncross-linked ligand or the IgG control ( Fig. 7C-E) . Together with the coculture results, these data strongly suggest that ephrin-A5 reduces ventral neurite length and induces the loss of the ventral spinal cord neurons.
Induction of apoptotic cell death by ephrin-A5
The loss of the ventral neurons could be explained by apoptotic cell death induced by ephrin-A5. To examine this possibility, we labeled the cocultured neurons as well as neurons in the cell-free assays with the TUNEL staining, which has been used widely as an indicator for apoptotic cell death (Gavrieli et al., 1992) . In both assays active ephrin-A5 had no effects on the number of TUNEL-positive cells in cultures of dorsal neurons ( Fig. 8 ; data not shown). In contrast, the ligand significantly increased the number of TUNEL-positive cells in the ventral cultures ( Fig. 8C ; data not shown), indicating that ephrin-A5 specifically induced apoptotic cell death of ventral spinal cord neurons.
DISCUSSION
The current study has examined the role of the Eph family ligands and receptors in regulating the growth and survival of spinal cord neurons. Our analyses showed that several receptors of the EphA subclass, including EphA3, A4, and A5, were expressed in the ventral spinal cord in partially overlapping patterns during embryonic development. EphA3 and A4 were transcribed specifically in the medial and lateral motor columns, respectively. Eph-A5 Figure 2 . Dissection of dorsal and ventral spinal cord neurons. Neurons from the dorsal or ventral E17 rat lumbar spinal cord were plated on laminin-coated tissue culture wells and cultured for 48 hr. Then the neurons were stained with EphA5-AP or ephrin-A2-AP to detect ligand or receptor expression, respectively. *Indicates that the differences are statistically significant ( p Ͻ 0.005; Student's t test).
exhibited more widespread expression in the entire ventral spinal cord. Complementing the expression of the receptors, a ligand of these receptors, ephrin-A5, was expressed in the dorsal half of the spinal cord. The specific expression of the receptors and ligands was demonstrated in both the mRNA, as revealed by using in situ hybridization, and the protein levels, as detected by using ligand-AP or receptor-AP f usion protein binding of dissociated neurons. These expression patterns are also consistent with the results of a previous study that used receptor-Fc f usion proteins . We further demonstrated that, consistent with the spatial location of receptor expression, the ligand selectively inhibited neurite outgrowth of the ventral spinal cord neurons. In contrast, the ligand had no significant effect on the dorsal spinal neurons. In addition, our studies revealed that ephrin-A5 induced apoptotic cell death in vitro. The apoptotic activity of ephrin-A5 was also dependent on the presence of receptor expression. These observations suggest that the Eph family receptors and ligands may interact to regulate negatively the ventral spinal cord neu- rons specifically and thus contribute to the morphogenesis or the formation of neural circuitry in the spinal cord.
Roles of the Eph ligand and receptor expression in the spinal cord
The expression of Eph receptors in the spinal cord is highly restricted. EphA3 was transcribed primarily in the medial motor column, whereas Eph-A4 was detected mainly in the lateral motor column. These observations are consistent with previous studies showing that these two receptors are expressed in subsets of motor neurons (Kilpatrick et al., 1996; Ohta et al., 1996) . EphA5, on the other hand, was transcribed in the entire ventral half of the spinal cord in both motor neurons and interneurons. Contrary to the receptor expression, ephrin-A5, a ligand of the Eph family that interacts with all three receptors (Flanagan and Vanderhaeghen, 1998; Zhou, 1998) , was found at high levels in the dorsal spinal cord.
The significance of the Eph expression is not clear at the present. The complementary expression patterns suggest that the interaction between the ligands and receptors may play a role in mediating the interactions between the dorsal and ventral spinal cord. According to the initial direction of axonal growth, ventral spinal cord interneurons can be classified into two major groups: circumferential cells and longitudinal cells (Yaginuma et al., 1993) . C ircumferential axons grow ventrally first and then cross the midline to join the contralateral longitudinal pathway (SilosSantiago and Snider, 1992, 1994; Yaginuma et al., 1994) . The ventroward extension has been shown to be mediated by chemoattractive factors, the netrins, expressed in a dorsoventral gradient in the ventral spinal cord with the highest levels in the floor plate (Colamarino and Tessier-Lavigne, 1995) . The longitudinal cells project either rostrally or caudally along an ipsilateral longitudinal pathway Snider, 1992, 1994; Yaginuma et al., 1994) . Both types of neurons do not project significantly to the dorsal spinal cord. The spatial distribution of the Eph receptors and ligand in the spinal cord is consistent with a role in the prevention of dorsoward projection by the ventral spinal neurons, although this remains to be demonstrated in vivo.
It is also possible that the Eph receptors and ephrins may have other functions in the developing spinal cord. For example, they may be involved in the segregation of dorsal and ventral spinal neurons during early development or in the segregation of different groups of motor neurons, as suggested by the presence of ephrin-A5 in subpopulations of the motor neurons at the upper limb level in the E12 and E13 mouse embryos . Ephrins and their receptors have been shown to be expressed alternatively in even and odd number rhombomeres and to be critical for the maintenance of rhombomere boundaries (Xu et al., 1995; Durbin et al., 1998) . Further studies using ephrin-A5 and EphA5 knock-out animals are necessary to differentiate these different possibilities.
Inhibition of ventral neurite outgrowth by ephrin-A5
In this study, we showed that the neuritic growth of ventral spinal cord neurons was reduced severely by ephrin-A5. These observations are consistent with several previous observations that ephrins are inhibitory and/or repulsive for the axonal growth of many different neuronal populations (Drescher et al., 1995; Donoghue et al., 1996; Gao et al., 1996 Gao et al., , 1998 Gao et al., , 1999 Nakamoto et al., 1996; Monschau et al., 1997; Ohta et al., 1997; Wang and Anderson, 1997) . The reduction of neuritic length shown here is likely attributable to axon retraction or degeneration, similar to that observed in hippocampal neurons (Gao et al., 1999) .
A previous study showed that purified soluble ephrin-A1 promotes the survival and neurite outgrowth of spinal cord neurons (Magal et al., 1996) . The positive effects by soluble ephrin-A1 may result from the inhibition of endogenous ligand/receptor interaction, because it has been shown that uncross-linked ephrins inhibit receptor function Yue et al., 1999) . Consistent with this interpretation, uncross-linked soluble ephrin-A5-Fc also increased the length of neurites and the number of surviving ventral spinal neurons in this study, by reversing the negative effects of the membrane-anchored ligand. Thus, our observations here suggest that ephrin-A5 may regulate the formation of spinal cord neural circuitry by restricting the growth of the ventral spinal cord neurites.
Ephrin-A5 and apoptosis of ventral spinal cord neurons
We also observed that ephrin-A5 induced apoptosis of the ventral spinal neurons in vitro. There are two lines of evidence supporting this conclusion. First, the numbers of neurons were reduced significantly by functional ephrin-A5, both in the coculture assay and in the assay, using cross-linked purified ligand. Second, ephrin-A5 significantly increased the number of TUNELpositive cells in both assays. The physiological significance of the ephrin-induced apoptosis in vitro is not clear at the present. There are at least two interpretations. (1) Cell death is an indirect effect caused by the gradual loss of adhesion of the ventral neurons in the presence of ephrins. Although this possibility cannot be ruled out, we think it is not very likely, because ephrin-A2, -A3, and -A5 all restrict hippocampal neurite outgrowth but do not affect cell adhesion to the substrate (Gao et al., 1996 (Gao et al., , 1999 . (2) Ephrininduced apoptosis contributes to the elimination of neurons with mistargeted axons or neurons migrated to the wrong position during spinal cord morphogenesis. A critical process during spinal cord development is that significant numbers of neurons generated in early embryogenesis die via apoptosis in later stages (Oppenheim, 1991) . In rat embryonic spinal cord, large numbers of ventral interneurons die at approximately E16 (Lawson et al., 1997). The time of EphA5 expression in the ventral interneurons overlaps with that of interneuron cell death. In addition, the spatial distribution of the dying interneurons overlaps with that of EphA5 expression in the ventral spinal cord during this time (Lawson et al., 1997 ) (see Fig. 1 ). Apoptosis in the nervous system has been postulated to regulate the number of neurons in a population and/or the precision of their connections as well as to remove erroneous projections (Cowan et al., 1984; Clarke, 1985 ; 
